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Abstract We performed density functional calculations

of backbone 15N shielding tensors in the regions of beta-

sheet and turns of protein G. The calculations were carried

out for all twenty-four beta-sheet residues and eight beta-

turn residues in the protein GB3 and the results were

compared with the available experimental data from solid-

state and solution NMR measurements. Together with the

alpha-helix data, our calculations cover 39 out of the 55

residues (or 71%) in GB3. The applicability of several

computational models developed previously (Cai et al. in J

Biomol NMR 45:245–253, 2009) to compute 15N shielding

tensors of alpha-helical residues is assessed. We show that

the proposed quantum chemical computational model is

capable of predicting isotropic 15N chemical shifts for an

entire protein that are in good correlation with experimental

data. However, the individual components of the predicted
15N shielding tensor agree with experiment less well: the

computed values show much larger spread than the

experimental data, and there is a profound difference in the

behavior of the tensor components for alpha-helix/turns and

beta-sheet residues. We discuss possible reasons for this.

Keywords Nitrogen-15 shielding tensor � Ab initio

calculation � Density-functional calculation � Beta-sheet �
Turns � Protein G

Introduction

Chemical shifts reflect the local electronic environment of

a nucleus and are the primary NMR characteristics distin-

guishing various nuclei in a molecule. Chemical shift

measurements in proteins play an increasingly important

role in characterization of protein secondary and tertiary

structure (Wishart et al. 1992; Cornilescu et al. 1999;

Lipsitz and Tjandra 2003; Shen and Bax 2007; Shen et al.

2008; Shen et al. 2009a; Shen et al. 2009b; Shen et al.

2009c; Wylie et al. 2009) and dynamics (Fushman and

Cowburn 2001; Hall and Fushman 2006), protein folding

pathways (Sadqi et al. 2006), protein structure validation

(Spronk et al. 2004), as well as in mapping out interaction

interfaces (Varadan et al. 2002; Zuiderweg 2002) and

quantification of the strength of protein–ligand binding

(Varadan et al. 2004; Varadan et al. 2005; Zhang et al.

2009). The anisotropic character of the shielding tensors

can also be utilized to study membrane proteins and other

oriented systems by means of solid-state NMR spectros-

copy (reviewed in (Saito et al. 2010)). The ability to make

an accurate prediction of chemical shifts from first princi-

ples and directly from the structure is critical for success of

these NMR approaches, especially the emerging methods

for predicting protein 3D structures directly from chemical

shifts (Shen et al. 2008; Shen et al. 2009a).
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Various theoretical methods and computational

schemes have been developed in the past decades for

chemical shift calculations in peptides and proteins

(reviewed in (Shen and Bax 2007)). They range from

ab initio quantum chemical calculations (de Dios et al.

1993; Oldfield 1995; Xu and Case 2001; Xu and Case

2002) to those based on sequence homology (Wishart

et al. 1997; Shen and Bax 2007) or empirical shielding

surface (Neal et al. 2003). While the knowledge-based,

empirical methods (e.g., SHIFTX Neal et al. 2003,

SPARTA Shen and Bax 2007 etc.) are fast and have

significantly improved the accuracy of isotropic chemical

shifts predictions in proteins, first principles calculations

directly from the three-dimensional structure require sig-

nificant computational efforts and thus have been mostly

limited to relatively small molecular fragments. However,

ab initio quantum mechanical calculations provide a

unique opportunity not only to fully characterize the

shielding tensors, but—perhaps most importantly—to

elucidate contributions from various factors (structure,

charges, interactions, conformational dynamics, solvent

effects etc.) that determine and control chemical shielding

in proteins. Therefore, the utility of ab initio approaches as

a means of gaining detailed understanding of the nature of

shielding tensors and their relationship with protein

structure cannot be overestimated.

Of all nuclei in a protein molecule, backbone 15N pre-

sents the biggest challenge because 15N chemical shifts are

influenced by numerous factors none of which appears

dominant: the identity of the current and preceding amino

acids, backbone and side chain torsion angles (/, w, v1),

hydrogen bonding and direct interactions with nearby side

chains, long-range intra-protein electrostatics, and solvent

effect (de Dios et al. 1993; Le and Oldfield 1996; Brender

et al. 2001; Xu and Case 2002; Poon et al. 2004; Cai et al.

2009). In addition, the calculations must take into account

the dynamic nature of the protein structural ensemble and

possible charge fluctuations of the ionizable groups, in

order to provide a more realistic picture of a protein and

account for chemical shift’s sensitivity to experimental

conditions (pH, temperature, etc.; see e.g. Vila and Sche-

raga 2008). On the other hand, due to the relatively low

cost of 15N-enrichment and high sensitivity of 15N shield-

ing to local electronic environment, 15N is widely used as a

sensitive reporter group for protein NMR studies. The

applications include protein dynamics studies (taking

advantage of 15N–1H being an isolated spin-pair), protein

fingerprinting (15N–1H maps), and interface mapping and

quantification of the strength of protein–ligand interactions

(Zuiderweg 2002; Varadan et al. 2004; Varadan et al. 2005;

Zhang et al. 2008; Zhang et al. 2009). 15N chemical shift

tensors in short model peptides have been extensively

studied by solid state NMR spectroscopy (see e.g. Oas et al.

1987; Hiyama et al. 1988; Ramamoorthy et al. 1995; Lee

and Ramamoorthy 1998; Lee et al. 2001; Saito et al. 2010).

Recently, we developed and applied a computational

model that includes most of the important effects in density

functional calculations of backbone 15N shielding tensors

for selected residues in the a-helix of the B3 domain of

streptococcal protein G (GB3; Cai et al. 2009). Our results

were in good agreement with experimental NMR data.

Compared to a regular a-helix, where the backbone torsion

angles are relatively fixed and each residue (except for the

first and last turns) has two hydrogen bonding (HB) part-

ners, other secondary structure elements (b-strands, turns/

loops) have a greater variability in both the torsion angles

and the number of HB partners, and therefore are pre-

sumably more difficult to model. Here we present follow-

up calculations of backbone 15N shielding tensors for all 24

b-sheet residues and eight turn residues in the same protein

and compare our results with available experimental data

from solid-state and solution NMR measurements. Toge-

ther with the a-helix data, our calculations cover 39 out of

the 55 (or 71%) residues in GB3. We show that current

density functional methods are capable of predicting 15N

chemical shifts in an entire protein that are in good cor-

relation with experimental data. We also found that the

individual components of the calculated 15N shielding

tensor agree with experiment less well, namely, the com-

puted values show a much larger spread than the experi-

mental data, and there is a marked difference in the

behavior of the tensor components for a-helix/turns and

b-sheet residues.

Computational methods

All calculations were performed using the GAUSSIAN03

suite of programs (Frisch et al. 2004). We used density-

functional theory (DFT) utilizing three-parameter Becke-

Lee–Yang–Parr (B3LYP) exchange–correlation functional

(Becke 1988; Lee et al. 1988; Becke 1993). The assign-

ments of the basis sets were the same as in our earlier paper

(Cai et al. 2009). Specifically, for the residue of interest

i we applied a 6 - 311 ? G(2d,p) basis set for the four

atoms in the peptide plane to which Ni belongs, as well as

the Cai. Where applicable, the direct and indirect HB

partners provide a carbonyl oxygen and an amide nitrogen,

respectively, as the acceptor and the donor of the hydrogen

bond. The peptide planes the two hydrogen-bonded atoms

belong to, as well as the Ca atoms directly bonded with

the corresponding C0 or N atoms were also assigned the

6 - 311 ? G(2d,p) basis set. For the remaining atoms in

the model a 4–21G basis set was applied.

The charged field perturbation (CFP) calculations were

performed using the same atomic charge set (AMBER
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(Cornell et al. 1995)) as in the previous calculations for a-

helical residues (Cai et al. 2009). The atom coordinates

were taken from the best representative conformer of GB3

structure (PDB code: 2OED), obtained by refinement of the

crystal structure by backbone residual dipolar couplings

(RDC; Ulmer et al. 2003), without further geometry

optimization.

To calculate the 15N chemical shielding of residue i in

the b-sheet, we included a main fragment consisting of

residues i and i - 1. The hydrogen-bonding (HB) partners,

both direct and indirect (if applicable), were included as

additional fragments. This resulted in either a ‘‘two-frag-

ment’’ or a ‘‘three-fragment’’ model for b-sheet residues

depending on the number of HB partners (referred to as the

fragment models; Fig. 1c). The end-groups of the main

fragment and the HB partners were modified in the same

way as in our previous calculations for a-helical residues

(Cai et al. 2009). Namely, the main fragment had the

N-terminus capped by a formyl group (–COH) and

the C-terminus capped by an amino group (–NH2), and the

hydrogen bonding partners were modified to be CH3–CO–

(NH–CH(R)–CO)–NH–CH3 where (R) is the correspond-

ing side chain. The basis set assignments were performed

as specified above (see also Fig. 1c).

In light of the previous literature (Xu and Case 2002;

Villegas et al. 2007), we also carried out calculations using

a more complex, extended model which included the entire

b-strand carrying residue i as well as its immediate

neighboring b-strand(s) (also as entire strand(s)) (Fig. 1d).

Specifically, for residues in strands b2 or b3 the calcula-

tions included a two-strand fragment (b2–b1 or b3–b4,

respectively), while three-strand fragments (b2–b1–b4 or

b1–b4–b3) were used in the calculations for b1 or b4,

respectively. In this model, except for the residues i and

i-1 and the hydrogen bonding partners of residue i, all

non-glycine and non-alanine residues were modified to be

alanines. As the extended model builds upon the fragment

model, the same atoms as in the fragment model were

assigned the 6 - 311 ? G(2d,p) basis set, while the rest of

the atoms were assigned the less dense 4–21G basis set (see

Fig. 1d).

Calculations of 15N shieldings in the b-turns were per-

formed in a similar way, except that only the main frag-

ment (of varying length) was included and contained at

least the entire turn (4-residues).

Results

We performed density functional calculations of 15N

shielding tensors for all 24 b-sheet residues in GB3. This

protein has been extensively studied by various NMR

techniques (Hall and Fushman 2003; Ulmer et al. 2003;

Hall and Fushman 2006; Vasos et al. 2006; Nadaud et al.

2007), and its crystal structure is available at 1.1 Å resolution

(Derrick and Wigley 1994). The b-sheet residues can be

sorted into three groups according to the number and nature of

HB partners they have (see Fig. 1 and Table 1). Various

residue fragment models were used in our calculations

depending on the HB pattern, see ‘‘Computational methods’’.

We also performed similar calculations for all eight residues

in the turns (b1/b2 and b3/b4) connecting these b-strands.

15N Shielding tensor elements

The calculated 15N shielding tensors (r) for b-sheet residues

are presented in Supplementary Table S1. As expected, the

intermediate component (r22) of the tensor is almost

orthogonal to the peptide plane, while the other two com-

ponents lie close to the peptide plane. The least-shielded

component (r11) is slightly tilted out of the peptide

plane (tilt angle from -6� to 4�) and makes an angle of

12.5�–24.8� with the NH bond. The anisotropies (CSA =

r11 - (r22 ? r33)/2) of the calculated shielding tensors

range from -132.8 ppm to -185.6 ppm, and their rhomb-

icities (g = (r22 - r33)/(r11 - riso), where riso = tr{r}/3)

range from 0.17 to 0.62.

We first compared the individual components of the

shielding tensors with available data for experimental

chemical shift tensors for protein GB1 measured using slow

magic angle spinning solid-state NMR (Wylie et al. 2007).

GB1 and GB3, the first and third, respectively, immuno-

globulin-binding domains of the streptococcal protein G, are

highly homologous. Their amino acid sequences differ by

only four residues in the b-sheet (6, 7, 19, and 42) and two in

the a-helix (24, 29), while the (backbone) three-dimensional

structures are almost identical: the crystal structures of GB3

(PDB code: 1IGD(Derrick and Wigley 1994)) and GB1

(PDB code: 2PGA(Gallagher et al. 1994)) superimpose with

a backbone RMSD of 0.27 Å. The individual principal

components of the calculated 15N shielding tensor for the

b-sheet residues in GB3 are in overall good agreement with the

experimental data for GB1 (Fig. 2). The corelation coeffi-

cient is r = -0.98; the regression line has a slope close to an

ideal of -1 and an intercept of 241.43 ± 4.32 ppm, com-

parable to those for a-helical residues (Cai et al. 2009).

Combining both b-sheet and a-helix residues gives similar

results (Fig. 2): r = -0.99, slope = -1.01 ± 0.02, and

intercept = 243.94 ± 3.29 ppm. Note that because the

slope is -1, the intercept of the regression line in Fig. 2 has

the meaning of the reference shielding. It is therefore

noteworthy that its value obtained here agrees nicely with

the absolute 15N shielding (244.6 ppm) of liquid ammonia at

ambient temperature (Jameson et al. 1981), on which the
15N chemical shift referencing is based (Wishart et al. 1995;

Markley et al. 1998; Harris et al. 2008). This shows that
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there is essentially no systematic offset in the 15N shielding

tensor values calculated here.

Isotropic shielding: comparison with experimental data

Encouraged by the agreement discussed above, we then

examined how our results compare with the reported

experimental values of the isotropic 15N chemical shifts in

GB3. In order to facilitate the comparison, we converted

our calculated 15N shielding values (riso = tr{r}/3) into

chemical shifts, dcalc, using the absolute 15N shielding of

liquid ammonia as the reference value, as recommended by

IUPAC (Markley et al. 1998):

dcalc ¼ 244:6 ppm� riso ð1Þ

Several computer programs (SPARTA (Shen and Bax

2007), SHIFTX (Neal et al. 2003), SHIFTS (Xu and Case

2001; Xu and Case 2002) etc.) have been developed over the

past decade to predict isotropic chemical shifts from a given

sequence or structure of a molecular fragment, or, in reverse,
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Fig. 1 A Schematic diagram of the b-sheet residues in GB3

illustrating the hydrogen bonding (HB) network. The arrows indicate

the directions of the turns connecting the b-strands. Residues

highlighted in yellow or green have a direct or an indirect HB

partner only; those not highlighted have both direct and indirect HB

partners. Turn residues are indicated by the blue numbers. The empty
box represents E56 (not included in this study) which forms a HB

with N8. Note that for a given residue i, the residue whose carbonyl

oxygen forms a hydrogen bond with the amide N of residue i is

considered a direct HB partner, whereas the residue whose amide N is

hydrogen bonded to the carbonyl O of residue i - 1 is considered an

indirect HB partner of residue i. B A ribbon representation of GB3’s

tertiary structure. Illustrations of C the fragment model and D the

extended model used for 15N shielding calculations for V6 (see

‘‘Computational methods’’). All molecular fragments included in the

calculations are shown in stick representation with standard atom

coloring (C is green, N is blue, O is red, and H is white), the dotted
lines indicate hydrogen bonds. Residues and the specific atoms that

were assigned the 6–311 ? G(2d,p) basis set are indicated; all other

atoms in these models were assigned the less dense 4–21G basis set.

All molecular drawings in this paper were prepared using PyMol (The

PyMOL Molecular Graphics System, Version 1.2r1, Schrödinger,

LLC.)
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predict secondary and tertiary structure from chemical shifts

(CSI (Wishart et al. 1992), TALOS (Cornilescu et al. 1999;

Shen et al. 2009b), CS-ROSETTA (Shen et al. 2008; Shen

et al. 2009a)). It is found that the correlation of these

predicted shifts is high for Ca and Cb sites but poor for NH

and C’. Although these programs utilize a largely solution-

state chemical shift database, these correlations mirror the

relationships between the chemical shifts measured in

solution versus solid state, where agreement is good for
13Ca and 13Cb, but poorer for 15N and 13C’. GB3 presents a

suitable case for such a comparison since the experimental
15N chemical shifts in solution (dsol) differ from those in

solid state (dcryst) (Nadaud et al. 2007). This difference is

most pronounced in the b-sheet residues, where it reaches

9 ppm and the RMSD of 3.5 ppm between dsol and dcryst is

even greater than that between dcryst values in GB3 and GB1

(2.9 ppm for all b-sheet residues or 3.1 ppm if only identical

residues are included). Thus, by comparing our predictions

with both solution and solid-state data we expected to gain

insights into possible effect of the environment (e.g. crystal

packing) on 15N chemical shifts. Therefore, as in the

previous study, our comparison included experimental 15N

chemical shifts observed in solution, dsol (provided by

Gabriel Cornilescu), as well as in microcrystals, dcryst (from

solid-state NMR measurements (Nadaud et al. 2007).

Overall, the calculated isotropic 15N chemical shifts

show a reasonable correlation with the experimental data

for GB3 (Fig. 3). Interestingly, however, our results

Table 1 Calculated isotropic 15N shielding for b-sheet residues in GB3

Residue Direct HB

partner

Indirect HB

partner

Fragment

model

Neutral fragment

model

CFP

model

Extended

model

Experiment

(solid state)

Experiment

(solution)

Q2 A20 111.16a –a –a 120.31 121.25

Y3 T18 119.06 108.89 117.71 124.16 120.31

K4 K50 T18 126.72 121.35 116.49 124.26 120.72 121.92

L5 T16 F52 109.73 112.77 110.48 110.73 117.82 117.95

V6 F52 T16 111.85 106.35 111.74 117.08 117.36

I7 G14 V54 110.11 116.21 110.98 118.69 118.96

N8 V54 G14 109.77 103.81 110.07 117.25 115.38

K13 G9 119.09 116.31 124.98 117.74 122.98 120.78

G14 I7 141.21 146.68 142.51 138.75 139.38 135.16

E15 I7 118.90 124.39 124.23 115.20 123.29 126.27

T16 L5 137.99 131.11 138.00 136.94 131.52 128.84

T17 L5 134.43 144.93 130.38 131.05 132.75

T18 Y3 133.78 139.53 130.55 129.62 129.36

K19 Y3 120.73 114.22 125.39 117.96 118.71 120.14

V42 T55 133.31 137.22 132.71 133.10 124.10

W43 T55 121.71 128.39 119.16 122.02 113.32

T44 T53 138.82 139.45 138.73 133.72 129.86

Y45 T53 124.81 124.54 123.43 127.60 124.37

D46 T51 102.97 117.16 113.61 104.34 118.35 116.14

T51 D46 K4 –b 128.04 118.45 128.60c 133.57 133.30

F52 K4 D46 116.65 113.41 115.54 116.65 114.17 113.22

T53 T44 V6 125.34 121.63 125.60 131.33 126.87

V54 V6 T44 117.83 114.31 118.48 124.99 121.33

T55 V42 N8 118.21 115.39 118.09 122.22 120.34

Shown for each b-sheet residue in GB3 are its direct and indirect hydrogen bonding partners and the isotropic 15N shielding (riso, in ppm)

calculated using various models considered here: the fragment model (charged and neutral), the CFP model, and the extended model. The

experimental data represent isotropic 15N shielding values converted from the measured chemical shifts using 15N shielding of liquid ammonia as

the reference (see Eq. 1)
a For Q2, the fragment model calculation was performed using full basis set assignment, i.e. all atoms were assigned the basis set

6–311 ? G(2d,p). Extended-model calculation could not be performed properly for Q2 because the sulfur atom (in the side chain of M1) was

involved that cannot be assigned a 4–21G basis set in GAUSSIAN03
b For T51, fragment-model calculations including both direct and indirect HB partners could not be completed, because we were not able to

converge to a sufficient accuracy the self-consistent iterations for the solution of Kohn–Sham equation
c The result shown here for T51 was obtained assuming a neutral form for its direct (D46) and indirect (K4) HB partners, as well as for K50
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correlate with solid-state NMR data better (r = 0.88) than

with solution NMR data (r = 0.82). A close analysis shows

that residues with the biggest discrepancy, Dd = dsol -

dcryst, between experimental solution and solid-state 15N

chemical shifts are clustered primarily in the outer strands

b2 and b3 and the adjacent turns (Fig. 3). It is also note-

worthy that the high Dd values (|Dd| [ 2.0 ppm) in GB3’s

b-sheet residues are all positive (except for E15), indicating

a stronger shielding effect in the solid state. Of these res-

idues, V42 and W43 have the highest Dd values of 9.0 and

8.7 ppm, respectively. Removing a single data point, W43,

improves considerably (r = 0.87) the correlation with

solution data, making it comparable to that with solid-state

NMR data. Interestingly, the b-sheet residues with

|Dd| [ 2.0 ppm show a significantly better correlation with

solid-state (r = 0.93) than with solution NMR data

(r = 0.79; Fig. 3). In contrast, there is a smaller difference

between the corresponding correlation coefficients

(r = 0.88 and 0.83, respectively) for residues with

|Dd| \ 2.0 ppm.

The localization of high |Dd| values points to possible

differences between solution and crystals GB3 structures,

likely involving the outer strands b2 and b3. In fact, an

inspection of the crystal structure of GB3 (PDB code 1IGD

(Derrick and Wigley 1994)) revealed close crystallographic

contacts (possibly involving hydrogen bonds) between the

b3 strand of one GB3 molecule and the b2 strand (plus the

b2/b3 turn) of another (Fig. 3). (Note that similar contacts

are also present in the two documented crystal forms of

GB1(Gallagher et al. 1994).) Because the atom coordinates

used in our calculations (PDB code 2OED (Ulmer et al.

2003)) were obtained by refinement of the crystal structure

(1IGD) using backbone RDCs, the rotameric states of the

side chains are essentially the same as in 1IGD (for
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Fig. 2 The agreement of the principal components of the calculated
15N shielding tensors for GB3 with the corresponding components of

the experimental chemical shift tensors from slow magic angle

spinning solid-state NMR measurements in GB1 microcrystals (Wylie

et al. 2007). Shown are data (in ppm) for residues L5, G14-T18, A26-

K28, K31, Y33, W43-D46, and F52-T55 which are shared by GB1

and GB3, and for which experimental data for GB1 are available.

Solid symbols correspond to b-sheet residues while open symbols
depict a similar comparison for the helical residues (included here for

completeness, from (Cai et al. 2009)). Squares, circles, and triangles
represent the principal components r11, r22, and r33, respectively.

The Pearson’s correlation coefficient (r) is -0.982 (for b-sheet) or -

0.987 (b-sheet and a-helix). The parameters of the regression line are

as follows: intercept = 241.43 ± 4.32 ppm, slope = - 0.98 ± 0.03,

for b-sheet residues only, or intercept = 243.94 ± 3.29 ppm,

slope = - 1.01 ± 0.02 when both b-sheet and a-helix data are

analyzed together (shown as solid line). Panels on the bottom zoom

on the individual components of the tensor, as indicated
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example, the RMSD for v1 angles is 3.3�), and even the

backbone dihedral angles are very similar (RMSD = 2.9�
for / and 4.5� for w). In fact, heavy atoms of the secondary

structure elements in 2OED superimpose with those in

1IGD with the RMSD of 0.26 Å (all heavy atoms) or 0.23

Å (backbone); the corresponding numbers for the whole

protein (residues 3–56) are 0.38 Å and 0.36 Å, respec-

tively. Note that the backbone atom coordinates in 2OED

are in almost perfect agreement with the RDCs measured in

solution (Ulmer et al. 2003). The fact that our results,

obtained using what essentially is the crystal structure of

GB3, correlate better with measurements in microcrystals

(1) suggests that the crystal contacts are responsible for the

observed difference between solution and solid state 15N

chemical shifts (a similar observation was reported for

GB1 (Franks et al. 2005)), (2) demonstrates the sensitivity

of 15N chemical shifts to rather subtle rearrangements (side

chain conformations) in the protein structure, and (3)

demonstrates that density functional calculations are

capable of mirroring these differences. As our calculations
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Fig. 3 Comparison of the

isotropic 15N chemical shifts

calculated for the b-sheet

residues in GB3 using the

fragment model with the

corresponding experimental

chemical shifts a in solution and

b in microcrystals (Nadaud

et al. 2007). Also included are

data for a-helical residues (open
circles), for completeness. The

Pearson’s correlation coefficient

between the calculated and

experimental data for the

b-sheet residues is 0.82 (a) and

0.88 (b). To guide the eye, the

dashed line represents an ideal

agreement. Panels c, d show a

similar comparison for the

subset of b-sheet residues whose
15N chemical shifts differ by

more than 2.0 ppm between

solution and solid state. The

correlation coefficients are 0.79

(c) and 0.93 (d).

e Crystallographic contacts

between a GB3 molecule

(green) and its two neighbors

(cyan and magenta) in the

crystal. Residues with

|Dd| [ 2.0 ppm in the (green)

GB3 molecule are colored red.

The same residues (from the

contacting strands) in the other

two molecules are colored blue
and gold. Also shown is the side

chain of W43. f Zoom on the

structure from panel e showing

direct HB contacts between the

b3 strand of one molecule and

the b2 strand and the b1/b2 turn

of its neighbor
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were based on the geometry in the X-ray crystal structure,

these results also suggest that the structure and packing

contacts in the microcrystals were similar to those in the

X-ray study.

Conformational flexibility could be another possible

reason for the difference in 15N chemical shifts between

solution and microcrystals, clustered primarily in the outer

strands of GB3. In contrast to the inner strands (b1, b4), the

outer strands, lacking HB contacts with a neighboring

strand on one side, should experience lesser steric restric-

tions imposed by such contacts. Higher conformational

flexibility of the outer strands would cause motional

averaging of their chemical shift tensors. This would also

possibly explain a somewhat lesser agreement between

solution data and our calculations based on a single

structure rather than a conformational ensemble. In fact,

the backbone NH-bond order parameters, reflecting the

amplitude of ps-ns motions, are on average somewhat

lower in b2 (S2 = 0.80 ± 0.04) than in the inner strands b1

(S2 = 0.86 ± 0.02) and b4 (S2 = 0.86 ± 0.03; Hall and

Fushman 2003). Additional motions (on a ms-ls time

scale) in the b2 strand appear also substantiated by large

Rex terms observed at reduced temperatures (Yao et al.

2010). However, strand b3 containing residues with the

highest Dd does not exhibit higher flexibility (S2 =

0.85 ± 0.02). A similar tendency is observed in the RDC-

derived order parameters (Bernado and Blackledge 2004;

Clore and Schwieters 2004; Yao et al. 2010) that reflect

amplitudes of motions on a slower time scale, up to mil-

liseconds. Thus, we conclude that it is less likely that the

observed large |Dd| values are due to dynamic averaging of
15N chemical shifts in solution.

Although our calculated chemical shifts show a fairly

good correlation with experimental data, some differences

still remain. In order to gain insights into possible reasons

for the observed differences and to explore various ways of

improving the agreement with experiment, we perfomed

calculations using more complex structural and physical

models, as outlined below.

Extended model: The effect of including entire

b-strands

One possible reason for the less than ideal agreement with

experimental data is that our fragment models might not

have included enough close contacts. In fact, by its very

nature, a b-strand is accompanied by and hydrogen bonded

with other b-strand(s) in a parallel or antiparallel fashion

(also see Fig. 1). In an earlier paper (Xu and Case 2002), a

model for calculating shieldings in a b-sheet was designed

as a 3–5 residue sequence (containing the residue of

interest) along with two b-strands running on both sides.

Obviously, by including more neighboring groups in close

contact, such a model would have more interactions (e.g.

electrostatic effects) taken into account. As an example

from our calculation (not shown) for T17, bringing an

additional residue (K4) into the model resulted in a 6 ppm

deshielding. In this case, K4 is neither directly nor indi-

rectly hydrogen bonded with T17 but rather opposes T17

from a neighboring strand. Interestingly, however, modi-

fying the side chain of K4 to be neutral yields similar

results (see below) so it is not the charge of K4 per se that

caused this effect.

Therefore we repeated the calculations for all b-sheet

residues using the extended model, which included all

residues in the current strand and its immediate neighbor-

ing strand(s) (see ‘‘Computational methods’’). The results

are shown in Table 1. Somewhat surprisingly, the extended

model calculations only slightly modified the fragment

model results. The RMSD between the results of the two

models is 1.92 ppm, the correlation coefficient is 0.99.

Extending the fragments to full-length strands deshielded
15N on average by 0.98 ppm (standard deviation

1.69 ppm). The agreement with experiment for the exten-

ded model was almost the same as for the fragment model:

r = 0.89 (solid state data) and 0.82 (solution data). These

results indicate that most of the neighbor-contact interac-

tions were already included in the fragment model. Note

that in order to account for the neutralizing effect of

counterions, the carboxy-terminus of E56 was replaced by

the formyl group (COH). Our calculations show that

keeping the C-terminus in its deprotonated/charged form

(i.e. as COO-) has little effect on the calculated shieldings,

except for residues N8, W43, V54, and T55, which are

within 10 Å from the C-terminal oxygens (see Supple-

mentary Table S3). For three of these residues the agree-

ment with experiment became worse, and only for W43 we

observed a slight improvement in the agreement with solid-

state but not solution NMR data.

The effect of side chain charges

The charge state of side chains can have a profound effect

on 15N chemical shifts of an ionizable residue as well as its

neigbors (see e.g. (Poon et al. 2004; Cai et al. 2008)). As

discussed in our previous paper (Cai et al. 2009), in GB3’s

a-helix the charged side chains are located such that they

form salt bridges with the oppositely charged side chains

from the same helix, and therefore naturally balance each

other’s charges. Thus, it was not necessary to neutralize

those side chains. In the case of b-sheet residues, there is a

salt bridge between K4 and E15 (as well as between D47

and K50 in the b3/b4 turn), while the charges of the other

relevant ionizable side chains (K13, K19, D46) could be

shielded/balanced by the counterions present in the buffer.

Note that all these side chains are solvent exposed. Since
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no counterions are explicitly included in our calculation,

we thought that a good approximation would be to include

them implicitly by considering all relevant ionizable side

chains in their neutral form. This modification is expected

to affect the results for residues K4, L5, K13, G14, E15,

T16, K19, D46, and F52. To examine the effect, we per-

formed 15N shielding calculations (Table 1) for these res-

idues using a neutral form for all side chains in the

corresponding fragments (referred further as the neutral-

fragment model). Indeed, making ionizable side chains

neutral improved the correlation with experiment for the

abovementioned residues: the correlation coefficient with

the solid-state data increased from 0.84 to 0.96, and with

solution NMR from 0.84 to 0.93. This also further

improved the overall agreement between the calculation

and experiment for b-sheet residues (Fig. 4), resulting in

r = 0.93 and 0.86, respectively, for solid-state and solution

NMR data. This modification had the biggest effect on

D46, where it produced a strong shielding by 14.2 ppm.

The rest of the affected residues experienced either

shielding or deshielding, with the magnitude of the effect

ranging from 2.8 to 6.9 ppm (mean = -1.3 ppm, standard

deviation 5.3 ppm). Interestingly, we obtained a significantly

better correlation with experiment (solid-state NMR;

Fig. 4) for the outer strands (r = 0.96) than for the inner

strands (r = 0.82). A similar trend was observed in the

results for the fragment model, where the corresponding

numbers are 0.91 and 0.64, respectively. The reasons for

this are not clear.

Charge field perturbations calculations: the effect

of charges from the rest of the protein

As a next step toward taking into account all possible

contributions to 15N shielding, we assessed the effect of the

charges of the atoms from the rest of the protein, that were

not included in the calculations by means of explicit atomic

models discussed above. For this purpose we performed

CFP calculations in which those atoms were represented by

point charges, as detailed elsewhere (Cai et al. 2009). The

results are shown in Table 1.

Interestingly, the inclusion of point charges from the rest

of the protein increased (compared to the fragment model)
15N shielding for practically all residues in the outer

strands (except for T16 and Y45, which remained essen-

tially unperturbed), whereas the majority of residues in the
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Fig. 4 Comparison of the

isotropic 15N chemical shifts

calculated for the b-sheet

residues in GB3 using the

neutral fragment model with the

corresponding experimental

chemical shifts measured a in

solution and b in microcrystals

(Nadaud et al. 2007). The

correlation coefficients are 0.86

a and 0.93 b. c, d The

comparison with solid-state data

(from b) is split into two groups:

residues located in the outer

strands (c r = 0.96) and inner

strands (d r = 0.82). While the

outer-strand residues show an

overall good agreement with

experimental data

(dcalc - dcryst = - 0.45 ±

4.1 ppm, RMSD = 3.9 ppm),

for the inner-strand residues the

calculated chemical shifts

appear systematically

overestimated by 5.3 ppm on

average (std = 2.9 ppm), or by

6.3 ppm (std = 1.7 ppm) when

excluding the two residues

(K4, F52) for which the

agreement is almost perfect
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inner strands experienced deshielding. The magnitude of

the observed difference, DdCFP, between the CFP and

fragment-model results ranged from 0 to 10.6 ppm. As

discussed in the case of a-helical residues (Cai et al. 2009),

smaller DdCFP values indicate that we have included

enough close groups in the fragment-model calculation and

give more confidence in the results. Indeed, a better cor-

relation with experiment is seen for those residues whose

DdCFP values are small: e.g., r = 0.92–0.93 for residues

with DdCFP \ 3 ppm in contrast with r = 0.75 (solution

data) or 0.83 (solid state data) for residues with

DdCFP [ 3 ppm. For those residues with big DdCFP, there is

still room for improvement of the calculations by including

additional charges from the rest of the protein.

Chemical shift calculations for b-turn residues

We also performed 15N shielding calculations for residues

G9-L12 and D47-K50 located in the b1/b2 and b3/b4 turns

connecting the corresponding b-strands. In the b1/b2 turn,

only G9 has a direct HB partner (L12), while the only

ionizable side chain (K10) is solvent exposed such that its

e-amino group is distant from the rest of the residues. The

interaction network in the b3/b4 turn is more complex:

here D47 has an indirect HB partner (T51), while the NH of

T49 could form a HB with the side chain Od1 of D46.

Moreover, the side chains of D47 and K50 form a salt

bridge, while the side chain of D46 is in close proximity to

all amides in this turn, such that its ionization state could

have a strong effect on the 15N chemical shifts. Therefore,

when building the fragment models for the turn residues,

we started with the smallest, 2-residue fragment (i, i - 1),

and continued including adjacent residues until the frag-

ment contained the entire turn and beyond (see Table 2).

Thus, in the case of the b3/b4 turn, it was also necessary to

include D46 for all residues. For example, the isotropic 15N

shielding of A48 calculated for the shortest fragment (D47-

A48) was 141.3 ppm and did not change upon addition of

T49 (141.6 ppm); however, adding T49 and K50 reduced it

to 132 ppm, and subsequent inclusion of D46 reduced it

further to 114.6 ppm. Making D46 neutral increased the

shielding only slightly (121.2 ppm), indicating that it is not

only the charge but also the side chain of D46 per se, that

makes the difference here. In accordance with the struc-

tural and distance considerations mentioned above, while

the ionization state of D46 has a profound effect on 15N

shifts of several residues in the b3/b4 turn (Fig. 5), neu-

tralizing K10 affected essentially only its own 15N chem-

ical shift (see Table 2).

The results of our calculations are summarized in

Table 2 and Supplementary Table S2. Overall, the calcu-

lated chemical shifts for the turn residues generally

Table 2 Calculated isotropic 15N shielding for the b-turn residues in GB3

Residue Fragment model Neutral fragment Experiment solid state Experiment solution Residues included

G9 135.55 134.36 134.13 134.12 N8, G9, K10*, T11, L12

K10 144.05 137.93 125.18 123.74 G9, K10*, T11, L12

T11 131.62 130.87 138.31 135.60 G9, K10*, T11, L12

L12 121.13 122.07 116.33 118.71 G9, K10*, T11, L12

D47 115.90 109.33 121.61 119.53 D46*, D47, A48, T49, K50, T51

A48 114.55 121.21 126.22 124.61 D46*, D47, A48, T49, K50

T49 142.81 146.81 143.10 141.30 D46*, D47, A48, T49, K50

K50 126.17 126.40 124.87 121.38 D46*, D47, A48, T49, K50

Shown for each turn residue in GB3 are the isotropic 15N shielding (riso, in ppm) calculated using two extended-fragment models (charged and

neutral) and the residues included in the fragment. The asterisk indicates residues (K10, D46) that were assumed neutral in the neutral fragment

calculations. The experimental data represent isotropic 15N shielding values converted from the measured chemical shifts using 15N shielding of

liquid ammonia as the reference (see Eq. 1)
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Fig. 5 Comparison of the isotropic 15N chemical shifts calculated for

the turn residues in GB3 using the fragment model (solid triangles) or

the neutral fragment model (open triangles) with the corresponding

experimental chemical shifts measured in GB3 microcrystals (Nadaud

et al. 2007). Data for the same residue are connected by a horizontal
line
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correlate with the experimental data (Fig. 5). The some-

what greater discrepancy between the calculation and

experiment could in part be due to greater conformational

flexibility (disorder) in the turns (Hall and Fushman 2003).

Discussion and Conclusions

We performed 15N shielding calculations for all twenty-four

b-sheet residues and eight turn residues of the protein GB3

both in vacuum (for various structural and charges models)

and using the CFP method. We found a good correlation

between the individual components of the 15N shielding

tensor and the experimental data. Comparing the isotropic

chemical shifts with experiment, we observed a slightly

better overall correlation with solid-state NMR data,

obtained in microcrystals, than with solution NMR data. A

possible reason for this is close crystallographic contacts

between neighboring molecules in the crystals, reflected in

the difference between the experimental data themselves.

As the result, for those residues with the larger chemical

shift difference between solution and microcrystals, the

calculations (based on the crystal structure) agree better with

solid-state NMR data. We analyzed the effect of including

additional residues/groups in the model and the effect of

charges on the neighboring side chains as well as of the rest

of the protein. Increasing the length of molecular fragments

by including entire b-strands did not substantially change

the results. We showed however that considering the neutral

form of ionisable side chains improves further the agree-

ment with experiment. We also found that those residues

with a smaller difference between the vacuum and CFP

calculations tend to have a better correlation with experi-

mental data when using the vacuum results. This reinforces

the message that the CFP calculation can help determine

whether or not the size of the fragment is large enough to

take interprotein electrostatic interactions into account.

Figure 6 summarizes the comparison with experiment

for all calculated 15N chemical shifts (a-helix, b-sheet, and

turns) covering 71% of GB3 residues. Despite the

encouraging correlation, the density functional calculations

are not yet at the level where we could predict 15N shifts

with the accuracy comparable to experimental precision.

Thus, the RMSDs between the calculated 15N chemical
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Fig. 6 Summary of the

agreement between the isotropic
15N chemical shifts calculated

for the 39 residues in GB3

(neutral fragment model) and

the corresponding experimental

chemical shifts measured in

a solution and b GB3

microcrystals (Nadaud et al.

2007). Shown are data for the

b-sheet (solid circles), a-helix

(open circles), and turns b1/b2

and b3/b4 (open triangles).

c Principal components of the

calculated 15N shielding tensor

as a function of residue number

in GB3, colored red (r11), blue
(r22), and green (r33). Also

shown is the isotropic shielding

(black)
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shifts and the experimental data (solid state) are 5.0 ppm

for the b-sheet, 6.0 ppm for the b-turns, and 1.0 ppm for

the a-helix. The corresponding numbers for solution NMR

data are 5.7 ppm (b-sheet), 5.9 ppm (b-turns), and 1.1 ppm

(a-helix).

Our results raise several questions that need to be

addressed by future calculations:

1. What is the reason for the apparently good correlation

with experiment and the lack of agreement for the

actual values of the chemical shifts in the b-sheet and

the turns? Why is the prediction for the a-helix so

much more accurate?

2. Although the isotropic shifts/shieldings correlate well

with experiment, the individual components of the

shielding tensor do not show the same level of

correlation. We find that the r11 and r33 components

show a noticeable correlation with solid state NMR

data for GB1 (r = -0.78 and -0.61, respectively) in

the b-sheet, and therefore likely are responsible for the

observed correlation with the isotropic shifts. At the

same time, the r22 component of the tensor shows

practically no correlation (r = 0.12). This is also

reflected in the RMSDs between the predicted and

experimental values: 13.0, 16.4, and 13.9 ppm for r11,

r22 and r33, respectively. However, in the a-helix it is

the r11 and r22 components that show most correlation

(r = -0.88 and -0.71), while r33 appears uncorre-

lated (r = -0.29). A similar tendency is seen in the b-

turns, where the corresponding correlation coefficients

are -0.60, -0.71, and 0.37 (for r11, r22, and r33).

Note that the sensitivity of the intermediate, r22,

component to the backbone conformation has also

been observed in solid-state NMR studies of peptides

reviewed in (Saito et al. 2010). This seems counter-

intuitive, as all three components of the tensor could be

interdependent. What could be the physical reason for

such differential behavior of the tensor components?

Mirroring the discrepancies in the individual tensor

components, the anisotropies of the predicted 15N shielding

tensors show little or no correlation with the available

experimental data (Supplementary Figure S1). For exam-

ple, comparison with the CSA values for GB1 (from solid

state NMR measurements) yields correlation coefficients of

0.40 (b-sheet) and 0.48 (turns); although the correlation is

quite good (r = 0.88) for the few residues in the a-helix

that are the same in GB1 and GB3. The correlation with
15N CSAs derived from residual chemical shift anisotropy

studies (Yao et al. 2010) or from 15N relaxation measure-

ments at five magnetic fields (Hall and Fushman 2006) is

also poor (Supplementary Figure S1).

Knowledge of the 15N CSA values is critical for accu-

rate determination of protein dynamics from 15N relaxation

measurements, as the CSA contribution to 15N relaxation

rates is substantial and increases as square of the magnetic

field (see e.g.(Fushman et al. 1999; Hall and Fushman

2006)). As shown in (Fushman and Cowburn 2001; Hall

and Fushman 2006), the model-free parameters derived

from 15N relaxation rates are directly affected by the input
15N CSA values. Recent 15N CSA measurements in GB3

(Yao et al. 2010) as well as solid state NMR data for GB1

returned higher (by absolute value) CSAs in the helix than

in the b-sheet. In contrast, the calculated 15N CSA values

for the a-helix (-159.40 ± 4.54 ppm) are only slightly

higher on average than for the rest of the protein:

-155.11 ± 6.72 ppm in the turns and -158.23 ± 10.73 in

the b-sheet. Moreover, the calculated CSAs for the b-sheet

show a significant variation from residue to residue, as well

as among the b-strands: -163.86 ± 11.12 ppm (b1),

-154.35 ± 11.06 ppm (b2), -153.06 ± 6.99 ppm (b3);

and -160.93 ± 10.94 ppm (in b4). Note that a similar

trend is present in the CSA values derived from 15N

relaxation measurements in GB3 (Hall and Fushman 2006)

and ubiquitin (Fushman et al. 1998; Fushman et al. 1999),

where helical residues had very little spread in the CSA

values, and these CSAs were not noticeably higher on

average than in the b strands.

3. We notice that despite a reasonable correlation

between the calculated and experimental isotropic

chemical shifts, the actual slope of the regression lines

(experiment versus calculation) in Figs. 3 and 4 differs

from 1 for the b-sheet but is close to 1 for the a-helix.

In fact, for the b-sheet residues, the slope is

0.53 ± 0.07 in Fig. 4a and 0.63 ± 0.06 in Fig. 4b;

the corresponding numbers for the a-helical residues

are 0.98 ± 0.20 and 0.84 ± 0.15, respectively. Nom-

inally this indicates a bigger shielding range produced

by the calculation (36.9 ppm) than that observed

experimentally (21.9 ppm in solution and 25.2 ppm

in microcrystals) for the b-sheet residues. As mea-

surement errors are generally expected to increase the

degree of variation observed in experiment, this result

could reflect the effect of ‘‘structural noise’’ or

attenuation of extreme calculated values by internal

motions. Because the atom coordinates used in our

calculations were already refined based on experimen-

tal RDC data, we can speculate that a possible physical

reason for the observed discrepancy could be motional

averaging of experimental chemical shifts by the

backbone and side chain dynamics in the protein. In

fact, both 15N relaxation (Hall and Fushman 2003) and

RDC (Bernado and Blackledge 2004) data suggest a

somewhat more restricted local backbone dynamics in

the a-helix compared to the rest of the protein in GB3.

Note also that it has previously been suggested that the
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poorly described v torsion angles of the side chains are

responsible for less satisfactory agreement between

experimental and quantum mechanical theoretical

chemical shifts for both Ca and Cb (Villegas et al.

2007). The arguments hold similarly for 15N as (Le and

Oldfield 1996) already demonstrated the effects of v1

torsion angles of the residues i and i - 1 on the 15N

chemical shielding of residue i. Obviously, calcula-

tions using a single-structure model cannot represent

the conformational variability and the effect of

dynamic averaging within the structural ensemble of

a protein. 15N shielding calculations taking into

account the conformational ensemble of GB3 struc-

tures will be required to address this issue.

It should be mentioned here that our calculations did not

include water molecules as HB partners for the solvent-

exposed carbonyls or amides. Although it is natural to

expect that these groups would have the tendency to form

hydrogen bonds with water in solution, the positions of the

corresponding water molecules for GB3 were not well

defined. For example, of the twelve solvent-exposed

backbone CO or NH groups in the outer strands b2 and b3,

only N of W43 has a water molecule properly positioned to

form a hydrogen bond in the crystal structure of GB3

(1IGD). In the absence of experimentally well-defined

positions for HB waters, we preferred not to position them

arbitrarily and therefore did not include them in this study.

Moreover, our calculation for W43 shows that the effect of

the hydrogen-bonded water molecule on its 15N shielding is

rather small: including that water molecule reduced the

isotropic shielding by only 0.25 ppm. Rigorous positioning

of HB-partner water molecules and proper account for the

solvent effect on 15N shielding is expected to make the

computational model more realistic and likely further

improve the agreement with experiment. As we showed

earlier in a model calculation (Cai et al. 2008), this could

require hydrogen bonding to explicit water molecules in

the first solvation shell combined with the polarizable

continuum model for the remaining (bulk) solvent.

Other possible reasons for the observed less than perfect

agreement with experiment are deficiencies in the quantum

mechanical model (basis sets, particular choice of func-

tionals for the DFT calculations, the lack of explicit elec-

tron-elecron correlations), the limitations in the number of

atoms included in the calculations (in fact, for several

residues the CFP results differ from those using the frag-

ment model, indicating that not all important interactions

are accounted for in the latter), and the limited statistics of

the data analyzed here. Detailed further calculations for

this and other proteins are necessary in order to obtain

better statistics and potentially improve the computational

models.
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